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Results: We report that UbxVMB, a visceral mesoderm–specific enhancer
of the Ubx gene of Drosophila, is sensitive to Notch signaling. In the Published: 20 March 2001
absence of Notch, but not of Su(H), the enhancer becomes activated earlier
and over a wider domain than in the wild type. Furthermore, the removal Current Biology 2001, 11:375–385
of Notch reduces the requirement for Disheveled-mediated Wingless
0960-9822/01/$ – see front mattersignaling to activate this enhancer. This response to Notch is likely to be
Ó 2001 Elsevier Science Ltd. All rights reserved.mediated by the dTcf binding sites in the UbxVMB enhancer.
Conclusions: Our results show that, in Drosophila, an activity of Notch
that is likely to be independent of Su(H) inhibits Wingless signaling on
UbxVMB. A possible target of this activity is dTcf. As dTcf has been shown
to be capable of repressing Wingless targets, our results suggest that
this repressive activity may be regulated by Notch. Finally, we suggest that
Wingless signaling is composed of two steps, a down-regulation of a
Su(H)-independent Notch activity that modulates the activity of dTcf and a
canonical Wingless signaling event that regulates the activity of Armadillo
and its interaction with dTcf.
Background precursor-specific genes in clusters of cells, the Notch/
Delta signaling system acts to restrict their expression toAs cells proliferate during development, they acquire dif-
one or two cells within the cluster [4–6].ferent fates that will be expressed in a variety of differenti-
ation patterns. Most processes of cell fate assignation rely
on two sequential steps, a first step that initiates specific A variety of experiments have indicated that Notch can
patterns of expression of batteries of genes, and a second signal independently of Su(H) [7–10]. In some instances,
one whereby these patterns of gene expression are stabi- studies on the development of the peripheral nervous
lized and maintained. In many instances the number of system and of the mesoderm in Drosophila have revealed
cells that can adopt a particular fate is larger than that the existence of a repressive signal from Notch that pre-
in which the fate is stabilized. For example, during the cedes the activity of the inducers and appears to antago-
development and patterning of the mesoderm and the nize Wg signaling [7, 11]. However, although these studies
indicate the existence of functional interactions betweennervous system in Drosophila, specific muscle or neural
the Notch and Wg signaling pathways, they do not discernprecursors are selected from small groups of cells, all of
the level of these interactions.which have the ability to adopt that fate [1–3]. Whereas
the first event requires the activity of signals such as
Hedgehog, Decapentaplegic (Dpp), and Wingless (Wg), The wg gene encodes a member of the Wnt family of
the process of refinement is mediated by a Notch receptor signaling molecules, and its signaling activity critically
activity that is triggered by its ligand Delta and its nuclear requires the activities of two molecules, a cytoplasmic
effector Su(H). Spatially patterned precursors arise from multifunctional protein, Disheveled (Dsh), and Armadillo
interactions between these signaling systems. Whereas (Arm), a Drosophila homolog of b-catenin [12, 13]. In the
absence of either of these molecules, Wg is not able tothe patterning signals act to initiate the expression of
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signal. Both Wg and Dsh have been shown to bind to the which associates with the intracellular domain of Notch
and activates the expression of cell fate repressors [22–24].Notch receptor [14–16], and this raises the possibility that
the interactions that have been detected between these In order to test this, we looked for premature expression
from UbxVMB in Su(H) mutant embryos (see Materialssignaling systems reflect a direct antagonism of Wg and
and methods). Reporter gene expression was occasionallyDsh on Su(H)-independent Notch signaling.
seen in one or two cells at late stage 12 (Figure 2h),
and by stage 13 expression was robust but restricted to aTo further analyze the interaction between Notch and
domain, the extent of which is similar to that in the wildWg, we have studied the effects of Notch and Wg signal-
type (compare Figures 2c,i). This suggests that the earlying on the regulation of UbxVMB, a well-characterized en-
effect of Notch on the enhancer is unlikely to be mediatedhancer of the Drosophila Ubx gene that drives the gene’s
by Su(H).expression in the visceral mesoderm [17, 18]. The activity
of UbxVMB has been shown to be regulated by both Wg
and the TGFb family signaling molecule Dpp. UbxVMB Since the UbxVMB has a strong requirement for Wg signal-
contains two binding sites for dTcf, a nuclear effector of ing, we tested whether the activity of the enhancer in N
Wg, and also binding sites for MAD proteins, effectors mutant embryos is dependent on Wg signaling. Surpris-
of Dpp signaling [19, 20]. Here we show that Notch acts ingly, the reporter gene is expressed in embryos mutant
on this enhancer and that its activity likely targets the for both N and disheveled (dsh) at higher levels than in
dTcf binding sites. Furthermore, the removal of Notch dsh mutant embryos (Figure 3d; compare Figures 3b9,d9).
function, but not of Su(H), releases the enhancer from These results suggest that the absence of Notch signaling
its dependence on Wingless signaling via Dsh. These can compensate for the effects of the loss of Dsh on the
results lead us to suggest that Notch acts on Wg signaling activity of the UbxVMB enhancer. One possible explana-
by promoting a repressive activity of dTcf and that in tion for these observations is that Notch antagonizes Wg
the absence of Notch, dTcf can activate gene expression signaling.
independently of Dsh.
If this antagonism of Notch on Wg signaling is dependent
Results on Su(H) function, we might expect to find that the loss
Notch signaling has a negative input on a Ubx of Su(H) function can also compensate for the loss of Wgenhancer element
signaling. We observe that enhancer activity in wg,Su(H)The Ubx enhancer, UbxVMB, is a 269 bp element that
double mutants is lower than that in Su(H) mutant em-drives gene expression in discrete areas of the visceral
bryos (compare Figures 4b,c), and as might be expectedmesoderm (VM) and responds to both Wg and Dpp signal-
from Figure 2, the extent of expression is less than in aing [19, 20]. The expression corresponds to parasegments
N,dsh mutant.7 and 8 [17] and trails off on either side of this domain.
It is also found at relatively lower levels in the developing
UbxVMB is expressed in the visceral mesodermgastric caecae [17] (Figures 1a and 3a).
of Notch mutant embryos
The cells expressing the reporter in N and N,dsh doubleIn the absence of Wg signaling, the activity of the en-
mutant embryos do not have the appearance of the wild-hancer is dramatically reduced [21] (Figure 3b). This re-
type VM. To test whether they are indeed VM, we havequirement for Wg is modulated through two dTcf binding
looked for coexpression of the reporter gene with a markersites that lie upstream of a Dpp responsive site comprised
for VM, FasIII [25], in wild-type and mutant conditions.of two Mad boxes and a cAMP responsive element. [19]
(shown schematically in Figure 1). To test a requirement
for Notch signaling on the activity of this enhancer, we In the absence of Notch, the VM is disrupted as revealed
by FasIII staining. The palisade of internal FasIII stainingplaced UbxVMB in embryos that lack Notch both mater-
nally and zygotically (see Materials and methods). In wild- that defines the VM, although visible during stage 12,
displays many gaps in N mutants ([26]; Figure 2d). Intype embryos the enhancer becomes active in stage 13
(Figure 2c); however, in Notch (N) mutants, activity can later embryos, FasIII-expressing cells fail to move dorsally
over the endoderm, as they do in the wild-type. Instead,often be detected at early stage 12 over a very wide domain
in the VM (Figure 2d). This premature activity of the they stay in clumps over the ventrolateral side of the
midgut (Figure 2f and 3c). Expression from the UbxVMBenhancer is not associated with early changes in the ex-
pression of Wg or Dpp since the initial expression of these reporter colocalizes with the FasIII immunostain in the
VM in the wild-type embryo and also under the variousgenes in the VM is normal in N mutants (see Supplemen-
tary material) and must reflect an effect of Notch signaling mutant conditions (Figure 3a–h), and this result indicates
that the internal cells expressing b-galactosidase in N andon the enhancer. In principle, the effects of Notch on
the UbxVMB enhancer could be mediated through the N,dsh mutants are in the VM. This is also true of the
Su(H) mutant embryos (Figure 4c), in which the VM iseffectors of lateral inhibition, in particular through Su(H),
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Figure 1
Enhancer elements used in this study. (a)
Schematic drawing of the reporter
constructs described in [19] and used in this
study. In all cases the enhancers are placed
upstream of a heat shock promoter and a
b-galactosidase (b-gal) reporter. The UbxVMB
enhancer fragment contains two dTcf binding
sites (TcfA and TcfB) and a Dpp responsive
site that consists of a cAMP responsive
element (CRE) and two MAD boxes. The
UbxVMBM2 contains a mutated Dpp responsive
element. UbxVMB4 contains a mutated TcfB site.
UbxVML4 comprises the second dTcf binding
site (TcfB) multimerized four times.
UbxVMCRE comprises the Dpp responsive
element multimerized four times. (bA–E) Stage
15 embryos (before the formation of the
second midgut constriction) stained with an
antibody against b-gal show the activity of the
enhancer variants in a wild-type background.
(bA) UbxVMB is active in the VM in domains
corresponding to parasegments (ps) 7 and
8 and trails into ps 6 and 9. It is also active
in the developing gastric caecae. (bB)
UbxVMB4 is expressed at lower levels but over
a slightly wider domain than is UbxVMB. (bC)
UbxVMBM2 is active in a domain of the VM
coincident with Wg expression in ps 8. (bD)
UbxVML4 is expressed in a subset of
subepidermal cells, including some which
appear to be associated with the tracheal
system. (bE) UbxVMCRE is expressed in the
endoderm rather than the mesoderm
underlying the endogenous source of Dpp
in ps 7. It is also expressed in the developing
gastric caecae and in a domain posterior to
the midgut. All embryos are shown in a
dorsolateral position. Anterior is to the left
and dorsal is up.
also disrupted but to a lesser degree than in N mutant or Dpp signaling pathways [19, 20]. We have used these
variants of the enhancer to identify the domains of theembryos [26].
enhancer on which Notch is acting. The variants used
and their activities are shown in Figure 1 [19, 20].In order to exclude the possibility that some of the cells
expressing the reporter gene might be endodermal, we
carried out double immunofluorescence labeling with an When the Dpp responsive element is mutated (as in
antibody to the endodermal marker Hindsight [27]. In UbxVMBM2), expression from the enhancer reveals an ab-
all cases the b-galactosidase accumulation driven by the solute requirement for Wg signaling since, in contrast to
enhancer element occurs in cells that are external and the wild-type enhancer, there is no activity of UbxVMBM2
directly adjacent to those of the endoderm, and no colocal- in the absence of dsh (Figure 6b). In N mutant embryos
ization can be seen in endodermal cells in the wild-type UbxVMBM2 is active (Figure 6c), and strikingly, enhancer
or mutant embryos (Figure 5). activity is also observed in N,dsh mutants (Figure 6d). This
finding reveals that in the absence of Notch, UbxVMBM2
These results show that the UbxVMB enhancer is active activity no longer depends on dsh function for activation.
in the VM and not in the endoderm of N and N,dsh mutant
embryos and therefore that mutations in Notch do not
These results suggest that the activity of Notch that weaffect its germ layer specificity.
have identified does not act through the Dpp responsive
site of UbxVMB. In light of the effects of Notch mutantsThe effect of Notch on UbxVMB does not require the Dpp
on the requirements for Wg signaling, a target of Notchresponsive site
could be the dTcf binding sites. To test this, we observedVarious mutations in the UbxVMB enhancer element have
been created that abolish responsiveness to either the Wg the affects of Notch on the activity of an enhancer variant,
378 Current Biology Vol 11 No 6
Figure 2
Activity of UbxVMB in (a–c) wild-type, (d–f) Notch (N) mutant, and the VM (marked by arrowheads), with higher levels in ps 7 and 8. (e)
(g–i) Su(H) mutant embryos is revealed by the expression of b-gal In a N mutant embryo, the reporter gene is expressed widely in the
(red). The VM is highlighted by the expression of FasIII (green). (a) VM at late stage 12 (arrowheads). (f) Activity of UbxVMB in a stage 13
Early–stage 12 wild-type embryo showing the VM. (a9) The red channel N mutant embryo. The FasIII-expressing cells fail to elongate as they
only showing that the reporter gene is not expressed at this stage. do in the wild type (compare with [c]) and begin to aggregate with
(b) Expression of the reporter is yet to be initiated in a late–stage each other. (g,g9) The reporter gene fails to be expressed in an
12 embryo. (c) Activity of the UbxVMB enhancer is initiated during stage early–stage 12 Su(H) mutant embryo. (h) The reporter gene is
13 in wild-type embryos over a restricted domain of the VM expressed in a single cell within the VM of a late–stage 12 Su(H)
(arrowheads). (d) The b-gal reporter gene is expressed in the VM of embryo (arrowhead). (i) In a stage 13 Su(H) mutant embryo, the
an early–stage 12 N mutant embryo. At this stage there are gaps reporter gene is expressed in a restricted domain within the VM
in the palisade of FasIII-expressing cells. (d9) The red channel shows (arrowheads). (a,d,g) Lateral view. (b,c,e,f,h,i) Dorsolateral view. In all
clearly that the domain of b-gal expression is very extensive within cases anterior is to the left.
known as UbxVMB4, lacking the TcfB site (Figure 1). This When both of the dTcf sites of UbxVMB are mutated, no
reporter gene expression is observed, either under wild-site has been shown to mediate Wg activation [20], but
the enhancer does contain a second dTcf site (TcfA in type conditions or any other tested mutant condition [19],
including loss of Notch function (data not shown). ThisFigure 1). UbxVMB4 still responds to Notch (Figure 6g,h)
in the same manner as do UbxVMB and UbxVMBM2. This highlights an absolute requirement for at least one dTcf
site in the activity of the enhancer.observation suggests that Notch could act through TcfA.
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Figure 3
Expression of UbxVMB in (a,e) wild-type, (b,f) dsh, (c,g) N, and (d,h) very weak but can still be detected within the VM (see also [f]).
N,dsh mutant embryos. (a–h) The activity of UbxVMB is revealed by Consistent with previous reports, the Wg-dependent second midgut
the expression of b-gal (red), and the VM is revealed by the expression constriction is absent in these embryos. (c) In a N mutant embryo, the
of FasIII (green). All embryos are shown in a dorsolateral view with activity of the enhancer is strong during late stages of development
anterior to the left and dorsal to the top. (a) Expression of the reporter within the domain of FasIII expression (see also [g]). (d) In N,dsh
gene in a wild-type stage 15 embryo in the FasIII-expressing cells mutant embryos the activity of the enhancer is strong. The diffuse
of the VM on either side of the second midgut constriction and in the red staining on the left is due to autofluorescence of the yolk. (e–h)
developing gastric caecae. (b) In a stage 15 dsh mutant embryo, the Magnifications of (a–d), respectively, show the restriction of the
activity of the UbxVMB enhancer is enhancer activity to the VM.
These results suggest that the response to Notch requires UbxVMB (UbxVMCRE; see [28]) can be detected to a similar
at least one dTcf binding site. To test this further, we extent in the wild-type and the mutant backgrounds (see
have used a reporter under the control of a multimerized Supplementary material). This finding suggests that
dTcf binding site from the UbxVMB enhancer (UbxVML4; Notch has no direct input on the activity of the Dpp
see [20]). In the wild type, UbxVML4 is active from stage responsive element. It should be noted that UbxVMCRE
13 in scattered subepidermal cells (Figure 1c and 6i), and is active in the endoderm and not the VM, and this result
the activity disappears in a dsh mutant (Figure 6j). These is consistent with an absolute requirement of the dTcf
results show that these dTcf sites are responsive to Wg sites for the activity of the enhancer in the VM.
signaling. However, in N and N,dsh mutants, the reporter
gene expression is very strong and widespread (Figure
Altogether, these results show that Notch signaling can6k,l, respectively).
modulate the activity of the UbxVMB enhancer variants,
and they also suggest that the targets of these effects areIn contrast to UbxVML4 activity, reporter gene expression
driven by a multimerized Dpp responsive element from the dTcf binding sites.
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Figure 4
Expression of b-gal driven by the UbxVMB
enhancer in wg, wg,Su(H), and Su(H)
mutant embryos. FasIII expression highlights
the VM (green); b-gal reporter gene
expression is shown in red. All embryos are
shown in a dorsolateral view with anterior to
the left and dorsal to the top. (a,a9) The activity
of UbxVMB is very weak in a wg mutant embryo
(arrow). (b,b9) In a wg,Su(H) double mutant
embryo the activity of the enhancer is also
weak. The fact that the expression of b-gal in
places looks higher than in a wg mutant is due
to the aggregation, caused by the loss of
Su(H), of theVM cells in one region. (c,c9) In
a Su(H) mutant embryo, the late activity of the
enhancer is high and over a wider domain
than in the wg,Su(H) double mutant embryos.
Targeted expression of a dominant-negative Notch As we have discussed above, the effects of Notch on the
molecule increases the activity of the UbxVMB UbxVMB enhancer are unlikely to be mediated through
To test further the effect of Notch signaling on the Su(H). To test this further, we targeted the expression
UbxVMB enhancer, we have targeted the expression of a of a constitutively active Su(H) molecule, Su(H)VP16
dominant-negative Notch molecule, FLNDcdc10, to the [32], to the mesoderm. Su(H)VP16 disrupts the differenti-
VM by using the GAL4 expression system [29]. ation of the VM (Figure 7e, arrowheads), but UbxVMB is
FLNDcdc10 (see Materials and methods) is a very po- active in those VM cells that remain (Figure 7e, arrow
tent dominant-negative molecule that, when it is over- and inset). Overexpression of Nintra, a cytoplasmic form of
expressed in the early embryo or imaginal discs, gives Notch that provides constitutive signaling during lateral
severe Notch loss-of-function phenotypes [30, 31]. Using inhibition [33–35], leads to disruption of the VM in a
24BGAL4 [29], we found that targeted expression of manner similar to overexpression of Su(H)VP16 (Figure
FLNDcdc10 in the VM and somatic mesoderm leads to 7f, arrowheads), but again, UbxVMB is active in VM cells
high levels of reporter gene expression from UbxVMB that remain (Figure 7f, arrow and inset). While these
within the VM (Figure 7b). More significant perhaps are results confirm an involvement of Notch/Su(H) signaling
the effects of targeted expression of FLNDcdc10 on the in the differentiation of the VM [26], they suggest that
activity of UbxVMBM2 (Figure 7d). In the presence of the effects of Notch on the UbxVMB enhancer might not
FLNDcdc10, the activity of this enhancer can be detected be implemented through the mechanism that mediates
in the first chamber of the midgut (Figure 7d, arrows), lateral inhibition.
where its activity is never detected in the wild-type (com-
pare Figures 7c,d). These results confirm the observations Discussion
from mutant embryos and indicate that Notch signaling Our results indicate that Notch signaling regulates the
activity of a Ubx gene enhancer, UbxVMB, that drives Ubxis involved in a repression of UbxVMB.
Figure 5
The UbxVMB enhancer (red) is not expressed
in the endoderm, highlighted by the
expression of the zinc finger transcription
factor Hindsight (green). (a) Wild-type stage
14 embryo showing b-gal accumulation in
cells adjacent to, but not overlapping with,
the endoderm. (b) In a dsh mutant, the level
of b-gal expression is lower than that in a
wild-type embryo but is adjacent to the
Hindsight-expressing cells. (c) In a N mutant
as well, the reporter is not expressed in the
endoderm but is expressed in cells that lie
adjacent to it. (d–f) Magnifications of (a–c),
respectively. Anterior is to the left and dorsal
is to the top.
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Figure 6
The dTcf sites of UbxVMB are candidate targets
of Notch signaling. Embryos are shown in a
dorsolateral position apart from those in
(c,d,g,h,l), which are shown dorsally so that
the internal staining can be clearly seen.
Anterior is to the left. (a) Activity of
UbxVMBM2 in a stage 15 wild-type embryo. (b)
UbxVMBM2 is not active in a dsh mutant
embryo. (c) UbxVMBM2 is active in both the
visceral and dorsal mesoderm in a N mutant
embryo. (d) The UbxVMBM2 enhancer is active
in a N,dsh double mutant background. (e)
Activity of UbxVMB4 in a stage 15 wild-type
embryo. (f) The activity of UbxVMB4 is
reduced in a dsh mutant embryo. (g) UbxVMB4
is active in a N mutant embryo. (h) UbxVMB4
is active at much the same levels as UbxVMB
in a N,dsh mutant embryo. (i) Activity of
UbxVML4 in a wild-type embryo in a small
number of subepidermal cells. (j) UbxVML4 is
not active in a dsh mutant embryo. (k) UbxVML4
activity in N mutant embryos is very
expansive. (l) UbxVML4 is still active in a N,dsh
mutant embryo.
expression in the VM under the control of Wg and Dpp. nor to forms of Notch, such as Nintra, that provide constitu-
tive Notch signaling during lateral inhibition.We observe that complete loss of Notch function, but not
of Su(H), results in premature and ectopic UbxVMB activity
and can reverse the effects of Dsh. These effects of loss Altogether, our results suggest the existence of an activity
of Notch that antagonizes Wg signaling via Dsh. Thus,of Notch function are not mediated by the Dpp responsive
sites but require the integrity of at least one of two dTcf the removal of Notch function would lower the require-
ments for Dsh, as we observe. Similar situations havebinding sites on the enhancer, as do other activities of
UbxVMB. This regulatory activity of Notch is likely to be been described before in the development of muscle and
peripheral nervous–system precursors in Drosophila [7, 11,different from that which mediates lateral inhibition since
the activity of the enhancer is sensitive neither to Su(H) 36] and raise the possibility that, in addition to the Friz-
Figure 7
Response of the UbxVMB and UbxVMBM2
enhancers to the targeted expression of gain-
and loss-of-function Notch molecules. In all
cases, targeted expression is mediated by
24BGAL4 [29]. (a) UbxVMB activity in an
early–stage 15 wild-type embryo. (b) When
UASFLNDcdc10 is expressed, the activity of
UbxVMB is upregulated. (c) UbxVMBM2 activity
in an early–stage 15 wild-type embryo. (d)
When UASFLNDcdc10 is expressed, the
expression of the reporter gene from
UbxVMBM2 is often seen to be upregulated
in the first chamber of the midgut, a place
where it is never expressed under wild-type
conditions (arrows). (e) Overexpression of
UASSu(H)VP16 in the developing
mesoderm with 24BGAL4 leads to disruption in the remaining FasIII-expressing cells (arrow similar to that seen when UASSu(H)VP16 is
of the VM (arrowheads) and a corresponding and inset). (f) When the intracellular domain expressed (arrowheads). Activity of UbxVMB
disruption in the activity of UbxVMB. of Notch (UASNintra) is expressed in the can be detected in VM cells that remain (arrow
However, the UbxVMB enhancer is still active mesoderm, there is a disruption of the VM and inset).
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zled-mediated events, effective Wg signaling requires the likely to act as a repressor at UbxVMB since the mutation
of one dTcf site, although lowering the overall levels ofdownregulation of a Notch signaling event that might be
independent of Su(H). Our experiments suggest that a activity, expands the spatial domain of activity of the
enhancer [48]. Our results provide further evidence forpossible target of this event is the activity of dTcf.
this repressive activity and suggest that Notch might be
dTcf as a repressor involved in it. However, in contrast to results with the
dTcf is a member of a family of HMG box–containing dpp enhancer, the mutation of both dTcf sites in UbxVMB
proteins that were identified as mediators of Wingless abolishes its activity [19]. This finding indicates that at
signaling through combined genetic and biochemical this enhancer dTcf is also required as an activator, to-
studies [20, 37, 38]. Members of the dTcf family interact gether with Arm.
with Arm/ b-catenin to form complexes that can promote
the transcription of Wnt/Wg targets in vitro and in vivo In Drosophila, dTcf can indeed behave as a repressor and
an activator through interactions with different molecules[37, 39, 40]. However, with the exception of LEF-1, Tcf
family members on their own do not promote the expres- [42–46]. Our results raise the possibility that its activity
as a repressor, through interactions with transcriptionalsion of Wnt target genes, and in some instances they can
even repress the expression of these targets [41–46]. corepressors such as Groucho or CtBP, is modulated by
a signaling event that depends on Notch. Wg signaling
The UbxVMB enhancer has provided a good model for the can thus lead to gene expression in two ways, by transcrip-
analysis of the role of dTcf in Wg signaling [20]. The tional activation through a dTcf/Arm complex or by antag-
optimal activity of this enhancer requires canonical Wg onizing the repressive activities of dTcf. This dual activity
signaling via Dsh, Arm, and dTcf [20, 21], and for this of Wg signaling would explain our observations that in
reason we were surprised to observe that in the absence N,dsh double mutant embryos enhancer activity, although
of Notch the activity of UbxVMB is independent of the higher than in dsh mutants, is lower than that in N mutants.
Thus, in N,dsh embryos the activity of the enhancer resultscanonical Wg pathway. The ability of the loss of Notch
function to reverse the effects of the loss of function of from a derepression (inactivation of dTcf repressor com-
plexes) without the concomitant Arm activation mediatedWingless signaling is most clearly demonstrated in the
case of the UbxVMBM2 mutant enhancer. The activity by Dsh. Similar dual activities have been described for
Hedgehog (Hh) [49, 50] and Dpp signaling [51, 52].of this enhancer is independent of Dpp but displays an
absolute requirement for Wg signaling. However, while
Notch and Wingless signalingUbxVMBM2 is completely inactive in dsh mutants, it directs
Our observations on UbxVMB parallel others in whichexpression of a reporter in N,dsh double mutants.
Notch has been shown to antagonize Wg signaling inde-
pendently of Su(H) [7, 11], and they raise the possibilityThe response of UbxVMB to the loss of Notch function,
like that to Wg signaling [19], requires the integrity of at that effective Wg signaling requires an antagonism of this
repression [7, 11, 36]. Interestingly, Wg and Dsh can bindleast one of the dTcf sites in the context of the full
enhancer and thus raises the possibility that these sites, to Notch [14–16, 36], and therefore, the antagonism could
be mediated by conformational changes in Notch inducedand perhaps the activity of dTcf itself, are the targets of
Notch. It might be that the activity of UbxVMB is repressed at the cell surface through direct interactions between
these molecules.by dTcf in a Notch-dependent manner and that to signal
efficiently, Wg must antagonize this repression. In the
On the basis of these observations, we suggest that inabsence of Notch, this repression would not be imple-
Drosophila, Wg signaling operates by regulating two mo-mented, which would lead to enhancer activity that is
lecular events, (1) repression of the expression of Wgindependent of Wg. This can account for the widespread
targets implemented by Notch and (2) the Shaggy/GSK3-and premature activity of the enhancer as well as the
dependent degradation of Arm promoted by the Axin/diminished requirements for Wg signaling that we ob-
APC complex (Figure 8). The regulation of both processesserved in the absence of Notch.
might be linked through the activity of dTcf; the first
event maintains its activity as a repressor, while the secondSeveral observations indicate that dTcf can act as a repres-
sor [42–46], and recent results on the regulation of dpp one prevents its becoming an activator. Wg binding to
Notch would modulate the repressive activity of dTcf;expression in the VM of Drosophila [47] support this possi-
bility. The mutation of dTcf binding sites in a Wg-depen- then, through the activity of members of the Frizzled
family of receptors, it would modulate the activity of Arm.dent enhancer of the dpp gene results in spatially deregu-
lated high levels of activity of the enhancer. This finding It may be that Arm can only interact with a nonrepressor
form of dTcf and that, therefore, the “effectiveness” ofsuggests that in this case dTcf acts, primarily, as a repres-
sor and that one function of Wg/Arm signaling might be Wg signaling is determined by the amount of Notch sig-
naling. A combination of antirepression and activationto promote a nonrepressed state [46, 47]. dTcf is also
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Figure 8 tor of the activity of Armadillo during development and
pattern formation.
Materials and methods
Stocks
The following stocks containing the Ubx enhancer element UbxVMB or
the variations (shown in Figure 1) were used in this study: 24BGA-
L4,UbxVMB on chromosome III, UbxVMBM2/CyO and UbxVML4 on chromo-
some II, and UbxVMBM2/CyO;24BGAL4.
We used the UAS/GAL4 system [29], specifically 24BGAL4 [29], to
drive the expression of UASNintra, UASFLNDcdc10, and UASSu(H)VP16
in the developing mesoderm. Nintra is the intracellular portion of the Notch
receptor and is constitutively active for the lateral inhibition function of
Notch [33–35]. Full length Notch Dcdc10 (FLNDcdc10) bears a deletion
of the intracellular cdc10 repeats and the RAM23 domain and acts
as a potent dominant-negative molecule [30, 31]. UASSu(H)VP16 is
described in [32].
Generation of mutant embryos lacking maternal
and zygotic gene productRegulation of the activity of dTcf by interactions between Notch and
Wg. dTcf is postulated to have three possible states, a repressive Mutant embryos lacking maternal and zygotic gene product were gen-
one (dTcfR), a weakly activating one (dTcf), and a strongly activating erated with the FLP-FRT system as described before [56, 57]. The
one in a complex with Arm (dTcfArm). The transition between the first stock C(1)DXywf/waovoD1[FRT101w1]/Y;FLP38 was used for the gen-
two states is antagonized by Notch signaling independently of Su(H). eration of the N, dsh, or double N,dsh null mutant embryos together
Transitions between the second and third states are promoted by with the following stocks, respectively: Df(1)N81k1v[FRT101w1]/FM7c,
Arm. Wg blocks the inhibitory action of Notch and promotes the ywdshv26[FRT101w1]/FM7 and Df(1)N81k1dshv26[FRT101w1]/FM7a.
association of Arm and dTcf. In some instances, blocking the activity To generate the embryos lacking maternal and zygotic Su(H) func-
of Notch might be sufficient for signaling; other situations might require tion or to generate the wg,Su(H) double mutant embryos, we
the additional activation by the dTcf/Arm complex. used the stocks [w1,ovoD1]13313[FRT40A]/S,Sp,Ms(2)bwD/CyO and
ywFLP22;Sp/CyO;MKRS/TM2,ry together with w;[w1lacZ]A1-29Su(H)SF8
[FRT40A]/CyO or w;wgS107.5[w1lacZ]A1-29Su(H)SF8[FRT40A]/CyO, re-
spectively. We heat shocked second-instar larvae bearing the mutant
and ovoD1 chromosomes together with an FLP recombinase for 1 hr atmight help explain the observation that dominant-nega-
378C to generate the mutant clones. For N and dsh on the X chromo-
tive Frizzled and dominant-negative dTcf have no effect some, the resultant virgin females were crossed to males bearing the
on the activity of this enhancer (see Supplementary mate- various enhancers. Of the progeny of this cross, 50% were mutant and
carried the enhancer fragment. In the case of Su(H) and wg on therial), as they should have if activation was the only way
second chromosome, the females were crossed to males of the genotypeto get expression. In addition, this would explain the
Su(H)SF8/1; UbxVMB/1 or wgS107.5[w1lacZ]A1-29Su(H)SF8[FRT40A]/1;observation that lowering Notch signaling increases the UbxVMB/1. Of the progeny, 25% lacked both maternal and zygotic Su(H)
effectiveness of Arm signaling [36]. It will be important and carried the enhancer fragment.
to understand how Notch modulates Wg signaling.
Antibody labeling
Embryos were fixed and stained according to standard protocols [58].One difficulty with this model is the activity of the
The expression of b-galactosidase was detected with rabbit anti–b-UbxVMB enhancer in the absence of both Notch and Dsh
galactosidase (Cappel) at a concentration of 1/7500. Embryos weresince, under these conditions, the levels of cytoplasmic
incubated overnight at 48C with rabbit anti–b-galactosidase diluted in
Arm are low. It may be that the loss of Notch function PBS BSA (phoshate-buffered saline containing 0.3% TritonX100 and
alters some parameters of the interaction between dTcf 0.5% bovine serum albumin). Specimens were then washed and blocked
before a 1 hr incubation with biotinylated secondary antibody (Vectorand Arm that allow very efficient functional association
Laboratories) before incubation with the Vectastain Elite ABC kit (Vectorof dTcf with these low levels of Arm. In this regard there
Laboratories). The stain was developed in PBS containing 0.5 mg/mlis evidence that the phosphorylation of Tcf can regulate DAB, 0.03% NiCl2, and 0.001% hydrogen peroxide. Specimens were
the activity of the Tcf/ b-catenin complex [53–55]. Fur- mounted in araldite after they were cleared in methyl salicylate. In double
labeling experiments, monoclonal anti-FasIII antibody [25] was used forther work should address these issues.
marking the VM (1/50), and monoclonal anti-Hindsight antibody [27]
was used for marking the endoderm (1/100). Embryos were incubated
Conclusions overnight at 48C with rabbit anti–b-galactosidase together with either
anti-FasIII or anti-Hindsight diluted in PBS BSA. After further washingWe have shown that in Drosophila, a potentially Su(H)-
and blocking, specimens were incubated for 2 hr with Cy5-conjugatedindependent activity of Notch targets Wingless signaling
anti-rabbit secondary antibody and FITC-conjugated anti-mouse second-through the dTcf binding sites of a VM enhancer of the ary antibody (Jackson) diluted 1:250 in PBS BSA at room temperature.
Ubx gene. Our results indicate that this activity of Notch They were then mounted in Vecta Shield (Vector Laboratories). Speci-
mens were examined under the confocal microscope (Leica).antagonizes Wingless signaling and might act as a modula-
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